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Abstract

The severity of the SARS-CoV-2 pandemic and the recurring (re)emergence of viruses
prompted the development of new therapeutic approaches that target viral and host factors
crucial for viral infection. Among them, host peptidases cathepsins B and L have been described
as essential enzymes during SARS-CoV-2 entry. In this study, we evaluated the effect of potent
selective cathepsin inhibitors as antiviral agents. We demonstrated that selective cathepsin B
inhibitors, such as the antimicrobial agent nitroxoline and its derivatives, impair SARS-CoV-2
infection in vitro. Antiviral activity observed at early stage of virus entry was cell-type
dependent and correlated well with the intracellular content and enzymatic function of
cathepsins B or L. Furthermore, tested inhibitors were effective against the ancestral SARS-
CoV-2 D614 as well as against the more recent BA.1_4 (Omicron). Taken together, our results
highlight the important role of host cysteine cathepsin B in SARS-CoV-2 virus entry and show
that cathepsin-specific inhibitors, such as nitroxoline and its derivatives, could be used to treat
COVID-19. Finally, these results also suggest that nitroxoline has potential to be further

explored as repurposed drug in antiviral therapy.

Highlights:
- Cathepsins are key host factors for SARS-CoV-2 entry.
- Cathepsin B inhibitors are active against SARS-CoV-2.
- Cathepsin activity is cell-type dependent.
- The antibiotic nitroxoline is a candidate for drug repurposing.

Keywords:
SARS-CoV-2, COVID-19, Coronavirus, Cathepsin, Nitroxoline, Drug repurposing, Inhibition



1.

Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the aetiologic agent of
Coronavirus Disease (COVID-19). Since its first appearance at the end of 2019, several
successive waves of infections have had a tremendous impact on the lives of millions of people
worldwide, causing the most severe pandemics in recent history (CoVariants, 2022; 2021).
Notwithstanding, the availability of effective vaccines and monoclonal antibodies, the ongoing
evolution of the virus continuously works to evade the immune response. Specific antiviral
drugs have been developed, such as the clinically approved molnupiravir and remdesivir, which
target the viral polymerase, and the paxlovid, which targets viral proteases (Gottlieb et al., 2022;
Jayk Bernal et al., 2022; Kokic et al., 2021; Marzi et al., 2022). However, continued efforts are
needed to increase the availability of broad-spectrum antivirals that can act against different
virus strains for future emerging or re-emerging epidemics (Dolgin, 2021; Liu et al., 2020;
Zakaria et al., 2018).

Host cell peptidases are critical in various steps of virion entry into host cells (Pislar et al.,
2020). Entry of SARS-CoV-2 occurs by binding of the Spike (S) protein to the cellular receptor
angiotensin converting enzyme 2 (ACE2) and activation for membrane fusion by the
transmembrane peptidase/serine subfamily member 2 (TMPRSS2), or by other transmembrane
serine peptidases at the cell surface. Alternatively, the virus enters by receptor-mediated
endocytosis, in which host endosomal/lysosomal cysteine peptidases, such as cathepsins B
(CatB) and L (CatL), are involved in S protein activation (Evans and Liu, 2021; Pislar et al.,
2020; Shang et al., 2020). The main function of CatL and CatB is intracellular protein
catabolism in endosomal/lysosomal compartments (Turk et al., 2000). However, a number of
more specific functions have been identified, often associated with pathological processes,
including cancer, neurodegeneration, and viral infections (Simmons et al., 2013). The
involvement of cysteine cathepsins in virion entry has been previously described for several
other non-enveloped and enveloped viruses (Evans and Liu, 2021; Pislar et al., 2020; Shang et
al., 2020) and confirmed also for SARS-CoV-2 (Hoffmann et al., 2020).

Among host cysteine peptidases, CatL is the most commonly associated with viral glycoprotein
activation due to its ability to process the SARS-CoV-2 S protein and related proteins of other
human CoVs (Gomes et al., 2020; Kawase et al., 2009; Liu et al., 2020; Shirato et al., 2013;
Simmons et al., 2005). CatL has been identified as an essential lysosomal peptidase for virion
entry into cells stably expressing recombinant human ACE2 (Ou et al., 2020). CatB has been
shown to play a role in Ebola virus (Chandran et al., 2005), Nipah virus (Diederich et al., 2008),



and feline CoV (Regan et al., 2008) entry through catalytic activation of viral membrane
glycoproteins.

Investigation of the role of CatB and CatL in various pathologies resulted in development of a
large number of inhibitors (Dana and Pathak, 2020; Kos et al., 2014). We evaluated the well-
established antimicrobial agent nitroxoline, identified by our group as a potent selective
inhibitor of CatB (Mirkovi¢ et al., 2015; Mirkovi¢ et al., 2011), for its activity against SARS-
CoV-2. In this study, we show that nitroxoline and its derivatives, which are specific for CatB,
potently prevent SARS-CoV-2 entry into the host cells. Antiviral activity was dependent on cell
type and correlated well with the intracellular amount and activity of the targeted cathepsin.
Thus, we demonstrate the critical role of the host CatB in SARS-CoV-2 infection and suggest
that nitroxoline can be repurposed as potential therapeutic agents for clinical intervention
against SARS-CoV-2.



2. Materials and methods

2.1 Cells and virus

Vero E6 cells (ATCC-1586), Huh7 cells expressing hACE2 (Huh7-hACE2) (Milani et al.
2021), and human lung adenocarcinoma cells Calu-3 (ATCC HTB-55) were cultured in
Dulbecco's modified Eagle's medium (DMEM, ThermoFisher, Paisley, UK) supplemented with
10% foetal bovine serum (FBS, ThermoFisher, Paisley, UK). All cell lines were obtained from
the American Type Culture Collection (ATCC). Human Nasal Epithelial cells (HNEpC),
PromoCell cat number c-12620, were grown in Airway Epithelial cell Growth Medium (ready-
to-use) PromoCell cat number C-21060. The same protocol was used for Human Pulmonary
Alveolar Epithelial Cells (HPAEpC) Catalog #3200 ScienCell Research Laboratories growing
in complete PneumaCult-ALI-S cat number #05051 Stemcell technologies.

Working strains of SARS-CoV-2 ICGEB-FVG_5 (Licastro et al., 2020) (ancestral strain with
D614G mutation) and the Omicron variant SARS-CoV-2 BA.1_4 isolated in Trieste, Italy, were

routinely propagated and titrated as described elsewhere (Milani et al., 2021).

2.2 Inhibitors

Hydroxychloroquine, nitroxoline, E-64 and E-64d were purchased from Sigma-Aldrich (St.
Luis, USA). Nitroxoline derivatives compounds 3 (Mirkovi¢ et al., 2011) and 17 (Sosic¢ et al.,
2013) were synthesised as reported. Their purity was determined by *H NMR and **C NMR
spectroscopy and by CHN elemental analysis and tested for specificity against other cysteine
cathepsins (Mirkovi¢ et al., 2011; Sosi¢ et al., 2013). CLIK-148 was kindly provided by prof.
Nobuhiko Katunuma (The University of Tokushima, Tokushima, Japan). Compound GCV-5
(Mitrovi¢ et al., 2022) was obtained from MolPort (Riga, Latvia). The structures are shown in
Figure S1. The compounds were dissolved in DMSO, expect for hydroxychlorogquine (HCQ),
which was prepared in water, and stored at -20 °C until use. Physicochemical properties of
compounds 3 and 17, such as efflux ratio, aloumin binding, logP and solubility were determined
using QikProp (Schrodinger Suite 2020-2, Schrodinger, LLC, New York, NY, 2020) and are

presented in the Supplementary Information .

2.3 High content assay (HCA)

Drugs were tested for antiviral activity with a previously optimized protocol on Huh7 cells
expressing hACE2 (Milani et al., 2021). briefly, cells were treated and simultaneously infected
with virus for 24 hours on 96-wells plates and processed for immunofluorescence with

antibodies against SARS-CoV-2 Spike or Nucleocapsid. Images were automatically acquired,
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and the total number of cells and the number of infected cells were analysed by hogh-contnt

imaging. Extended protocols are available in Supplementary Methods.

2.4 Virological methods

Vero E6 cells were used for plaque assay using 1.5% carboxymethylcellulose (CMC, Sigma-
Aldrich, St Louis, USA) as previously described (Rajasekharan et al., 2021) . To calculate viral
yields, infected cells’ medium was collected after 24 h and the viral titre for each concentration
was determined by the plaque assay. Viability assay was performed using the Alamar Blue
reagent according to manufacturer specifications (Invitrogen, Waltham, MA, USA). Time of
addition studies (TOA) were performed on infected Huh7-hACE2 as described (Milan Bonotto
etal., 2022). Briefly, drugs were added 3 hours before infection, or during infection, and washed
away or added after 1, 3, 5 hours post-infection and in all cases kept until harvest after 24 h.
Binding of the virus to cells was conducted at 4 °C for two hours in the presence of the drug as
described (Milan Bonotto et al., 2022). To measure entry cells were washed after the binding
step and further incubate at 37 °C for 3 h before harvest. Extended protocols are available in

Supplementary Methods.

2.5 Protein preparation, Western blot analysis and ELISA

Cells were detached from culture flasks, lysed, and processed for Western blotting as previously
described (Mitrovi¢ et al., 2016). ELISA was performed as previously described (Kos et al.,
2005). Extended protocols are available in Supplementary Methods.

2.6 Determination of cathepsin activity
CatB activity was measured using specific fluorogenic substrates as described in detail in

extended protocols available in Supplementary Methods.

2.7 Statistical analysis

The sigmoidal dose-response curve function (variable slope) was used to calculate the half
maximal effective (ECso) and cytotoxic (CCso) concentrations was calculated using GraphPad
Prism version 7 (GraphPad Software, San Diego, USA). The ratio between CCso and ECso
determines the selective index (SI). To calculate the statistical significance (P < 0.05) of
infected and DMSO treated samples a two-way analysis of variance (ANOVA) with Sidak’s
test, a multiple comparison test, was conducted. All data were plotted and analysed using
GraphPad Prism software version 7.






Results

3.1 Screening of a panel of cathepsin inhibitors against SARS-CoV-2

Screening of cathepsin inhibitors was performed using a previously developed High Content
assay (HCA) (Milani et al., 2021). The control hydroxychloroquine (HCQ) was active with an
inhibitory concentration ECso of 4.75 + 0.35 uM. Nitroxoline and compound 17 inhibited more
than 90% of SARS-CoV-2 infection at the highest concentration tested (100 uM) with an ECso
of 2+ 0.003 uM and 2.8 £ 0.048 uM, respectively (Table 1, Figure 1). Compound 3, that inhibits
both CatB and CatL (our unpublished data), showed a higher ECso value (4.5 £ 2.1 uM).
Surprisingly, the general cathepsin epoxy-succinyl irreversible inhibitor E-64 inhibited the
virus only at high concentrations (> 70 uM), whereas its cell-permeable analogue E-64d showed
ECso = 1.9 £ 0.10 uM (Table 1). However, neither E-64 nor E-64d reached >90% inhibition
(Figure S2). Compound CLIK-148, a specific CatL inhibitor, provided ECso value of 8.75 £ 6.2
uM and reached a maximum of 64% antiviral activity at the highest concentration tested. In
contrast, GCV-5, another CatL inhibitor, failed to provide ECso values and showed no antiviral
activity against SARS-CoV-2. All compounds were not toxic to cells under conditions tested,
except for GCV-5. These results demonstrate that CatB inhibitors are most potent against
SARS-CoV-2 in Huh7-hACE2 cells.



Table 1. Dose-response results from cathepsin inhibitors in Huh7-hACE2 infected with SARS-
CoV2 D614G

ECs0? uM ECo0° UM CCso!  Highest % of Virus
(meanx SD®)  (meantSD)  upM Inhibition
Nitroxoline 2.1+0.003 9.9+ 8 >100 99
Compound 17 2.8£0.04 6.4+ 0.3 >100 98
Compound 03 45+2.1 11.9+0.9 >100 80
E64 73 £8.3 n.a > 100 61
E64-d 1.9+0.10 n.a > 100 79
CLIK 148 8.75+ 6.2 n.a >100 64
GCV-5 n.a* n.a* n.a* n.a*
Hydroxychloroquin® 4.7+ 0.35 18.9+ 2.3 >100 98

*n.a not assessable

@Half maximal effective concentration from values obtained in HCA
b Standard deviation

¢ Maximal effective concentration from values obtain in HCA

4 Half maximal cytotoxic concentration from values obtained in HCA

¢ Reference compound, positive control
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Figure 1. Nitroxoline, compound 17 and compound 3 efficiently inhibit SARS-CoV2
D614G infection in Huh7-hACE2 cells.

(A) Representative images from High Content assay (HCA) showing infection of SARS-CoV-
2 D614G in Huh7-hACE2 at 24 hpi. Cells were infected and treated with the inhibitors
simultaneously for 24 h. Then cells were fixed and processed for immunofluorescence with the
anti-nucleocapsid antibody (green fluorescence). Nuclei were stained with DAPI (red
fluorescence).

(B) Huh7-hACE2 were treated with 2-fold dilutions of compound and simultaneously infected
with SARS-CoV-2 D614G at MOI 0.1. Hydroxychloroquine (HCQ) was used as the reference
compound (positive control). Cells were processed for high-content image analysis as
described. The percentage of inhibition (black dots) was normalized by the average infection
ratio of cells treated with 1% DMSO (vehicle). The percentage of nuclei (blue triangles) was

normalized with the total number of cells.
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3.2 Cathepsin inhibitors show cell-dependent activity against SARS-CoV-2

Cathepsins are host peptidases and their expression and activity varies depending on the cell
type (Yadati et al., 2020). SARS-CoV-2 replicates efficiently in lung- and kidney-derived cells,
such as human adenocarcinoma Calu-3 cells and Vero E6 cells (Cagno, 2020). To determine
whether the selected inhibitors retained their activity in the aforementioned cell lines, we tested
nitroxoline, compound 17, compound 3, and GCV-5 in Calu-3 cells and Vero E6 cells using
the viral yield reduction assay. The results were compared with those obtained in Huh7-hACE2
cells (Table 2). Both CatB inhibitors, nitroxoline and compound 17, showed a decrease of
SARS-CoV-2 infection in Calu-3 and Vero E6 cells (Figure 2). Nitroxoline showed an ECso
value of 18.6 + 10 uM for Vero EG6 cells and an ECso value of 23.3 £ 4.3 uM for Calu-3 cells,
which was 10-fold higher than in Huh7-hACE2 (ECso 1.9 £ 1.0 uM). Similarly, compound 17,
a more potent and selective inhibitor of CatB, showed very similar activity in Vero E6 and
Calu-3 cells with ECso values of 13.5 £ 0.6 pM and 14.4 £+ 2.7 uM, respectively, however the
activity was still lower compared to that of Huh7-hACE2 cells (ECso 2.3 £ 0.4 uM) (Figure 2).
Compound 3 inhibited SARS-CoV-2 infection in Vero E6 cells (Figure 3A) less effectively
than in Calu-3 cells (Figure 3B), with ECso values of 37.7 £ 10 uM and 12.4 £ 0.07, respectively
(Table 2). Compound 3 is a less selective CatB inhibitor that targets other cathepsins including
CatL and CatH, (our unpublished data) (Mirkovi¢ et al., 2011; Mitrovi¢ et al., 2016). ECso
values for nitroxoline were comparable in Calu-3 and Vero E6 cells, although an order of
magnitude higher than in Huh7-ACE2 cells. While for compound 3 ECso values for Huh7-
hACE2 and Calu-3 cells were at the same range and were higher for Vero E6 cells Table 2).
Additionally, to evaluate the contribution of CatL in these cells, we used CatL inhibitor GCV-
5. The results showed poor ECso values for GCV-5. However, the compound still reduced by
100% the infection in Vero E6 cells and Calu-3 cells, whereas not even 50% reduction of the
infection could be achieved in Huh7-hACE2 (Figure 2). Cell cytotoxicity was not detected at
these concentrations (Figure S3). These data confirm that sensitivity to cathepsin inhibitors
during SARS-CoV-2 infection depends on the cell type.

Nitroxoline, a drug with repurposing potential, was also tested in human primary cells derived
from the upper or lower respiratory tract (Supplementary Figure S4). In both HNEpC and
HPAEpC antiviral activity was observed in the low micromolar (ECso ~5uM) with cytotoxicity

at lower concentrations compared to cell lines (CCso > 50 pM).
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Table 2. Antiviral activity of cathepsin inhibitors at different cells lines

Calu-32
ECso b |.1M EC90d [.lM

(mean+ SDP) (meanx SD)

Nitroxoline 23.3+4.3 n.a*

Compound 17 14.4x27 46.8+4.4

Compound 3

GCV-5

1245+0.07 18.8+6.0

155+13 50.0+£0.0

CCs®
UM
>100

>100
>100

>100

EC5o [.lM

(meanz SD)

Huh7-hACE2
ECgo LIM

(meanz SD)

19+10 35+04

23+04 4.0%03

10.7+2.0 18.0+75

na"

na"

CCso
UM
>100

>100
>100

>100

ECso HM

(mean £ SD)
18.6 £10
135+0.6
37.7 £10

21.9+ 2.2

Vero E6
ECgo l.J.M

(meant SD)
52.4+ 3.5
24.4+x 0.0
na’

27112

CCso
HM
>100

>100
>100

>100

*n.a : not assessable

2 Cell type used to measure compound activity by the virus yield reduction assay

b Half maximal effective concentration obtained by the virus yield reduction assay

¢Standard deviation

dMaximal effective concentration obtained by the virus yield reduction assay

#Half maximal cytotoxicity concentration obtained by the viability assay Alarmar Blue
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Figure 2. Activity of cathepsin inhibitors against SARS-CoV-2 D614G in different cells.
Cells were treated with 2-fold dilutions of the inhibitors within a range of concentrations of 50
to 0.78 uM. The percentage of inhibition of virus yield was quantified by plaque assay. The
black, blue, and red curves represent inhibition in Huh7-hACE2, Calu-3 and Vero EG6 cells.
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3.3 Expression and activity levels of CatB and CatL in different cells

To explain the antiviral effect of the inhibitors on selected cell lines, the protein levels and
activity of CatB and CatL were determined in Vero E6, Huh7-hACE2, and Calu-3 cells. As
shown by Western blot analysis (Figure 3A) and ELISA (Figure 3B), all cell lines contain CatB.
Protein level of CatB was the highest in Calu-3 cells, followed by Huh7-hACE2 and Vero E6
cells. In all cell lines, CatB is present in all three forms: pro-CatB, active single-chain CatB and
double-chain CatB. In line with this, the highest endo- and exopeptidase activity of CatB was
observed in Calu-3 cells (Figure 3C). In Huh7-hACE2 cells, lower endo- and exopeptidase
activity of CatB correlated with lower protein levels, whereas in Vero EG6 cells, higher activity
of CatB was observed than would have been expected from the protein levels (Figure 3C). The
enzyme Kinetics results show that CatB predominantly acts as endopeptidase in Vero E6 cells.
The highest protein levels as well as the highest activity for CatL were observed in Vero E6
cells, compared to other two cell lines (Figure 3). The fluorogenic substrate Z-Phe-Arg-AMC
was used to measure CatL activity. However, as this substrate is not specific for CatL but can
also be degraded by CatB, the potent CatB-specific inhibitor CA-074 was added to the cell
lysates in the assay to distinguish between substrate degradation due to CatL or due to CatB
(Figure 3C). In Huh7-hACE2 and Calu-3 cells, in which higher protein levels and higher
activity of CatB were detected, substrate degradation was almost completely abolished by the
addition of CA-074, suggesting that Z-Phe-Arg-AMC substrate was degraded predominantly
by CatB in these cells. In contrast, addition of CA-074 to Vero E6 cells’ lysates did not reduce
substrate degradation, indicating that CatL activity is responsible for substrate degradation.
Considering the high levels of CatL protein and activity in Vero E6 cells compared to CatB,
CatL might contribute in part to CatB substrate degradation. This could explain the apparent
high activity of CatB observed in Vero E6 cells, which does not match protein concentration.
These results are consistent with the antiviral effect of CatL inhibitors in Vero E6 cells, whereas
their impact in other cell lines is weaker (Figure 2). These data suggest that SARS-CoV-2 may

take advantage of different cathepsins for cell entry depending on their expression and activity.
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Figure 3. Expression and activity levels of CatB and CatL in different cell lines.
(A) CatB and CatL protein levels in whole-cell lysates of Vero E6, Huh7-hACE2, and Calu-3
cells as determined by Western blot analysis. Histograms show relative protein levels of CatB

and CatL, with the contribution of each form indicated. Data are presented as mean £ SD.

(B) CatB and CatL protein levels in whole cell lysates as determined by ELISA. Data are given

as mean + SD.
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(C) Activity of CatB and CatL in whole cell lysates assessed by enzyme kinetics using
fluorogenic substrates. For specific assessment of CatL activity, CatB specific inhibitor CA-
074 (10 uM) was added to exclude contribution of CatB to the degradation of the Z-Phe-Arg-
AMC substrate. Data are presented as mean £+ SD. **P < 0.01.

3.4 The antiviral activity of cathepsin inhibitors is limited to early stages of viral infection.
Cathepsins are responsible for processing and cleavage of viral S protein in endosomes during
entry, allowing the virus to release the nucleocapsid into the cytoplasm (Jackson et al., 2022;
Padmanabhan et al., 2020; Pislar et al., 2020; Schornberg et al., 2006). To assess the mode of
action of cathepsin inhibitors, a time of addition experiment was performed. Huh7-hACE2 cells
were treated at different times before or during infection (-3 h, 0 h, +1 h, +3 h, +5 h, and +18
h) (Figure 4A). The compounds that showed the highest antiviral activity in Huh7-hACE2
(Figure 1), such as nitroxoline, compound 17 and compound 3, were selected to perform the
time of addition studies and used at a final concentration of 10 uM.

All compounds significantly impaired viral infection when they were added shortly after
infection (+1 h) and for up to 5 h after infection, consistent with cathepsins’ activity in the early
stages of infection (Figure 4B). Compound 3 showed the impact also when it was added before
infection and at the time of infection. Furthermore, compound 17 impaired viral infection when
it was added at the time of infection and also maintained antiviral activity at a later stage of
infection as it significantly impaired viral infection also 18 h post-infection. The dosage
regimen for nitroxoline treatment of urinal infections maintains active plasma concentrations
of 10 uM (Mrhar et al., 1979; Naber et al., 2014; Wagenlehner et al., 2014; Wijma et al., 2018),
which matches the ECoo values obtained thus ensuring the correct dosage also for the inhibition
of SARS-CoV-2 infection.

A binding assay was performed to distinguish between virus adsorption and the later
endocytosis and fusion steps. As shown in Figure 5A, virus absorption at 4 °C was not affected
by the compounds (Figure 5A). Conversely, the entry assay showed that nitroxoline,
compounds 3 and 17, inhibited this step similarly to HCQ, a known inhibitor of virus
endocytosis (Figure 5B). These data confirm the inhibitory effect of inhibitors during virus

entry.
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Figure 4. Evaluation of the effect of cathepsin inhibitors at different stages of SARS-CoV?2
D614G infection in HUh7-hACE?2 cells.

(A) Diagram of the experimental setup showing the time points when the compounds were
added at a concentration of 10 uM, SARS-CoV-2 was inoculated at time 0 for 1 hour at MOI
0.1.

(B) Viral yields for nitroxoline, compound 17 and compound 3. DMSO-treated samples were
used as control. Bars represent mean + SD of two replicates. *P < 0.05, **P < 0.01, ***P <
0.001, ****P <0.0001 (two-way ANOVA, followed by Sidak’s test).
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Figure 5. Effect of nitroxoline, compound 17, and compound 3 on the binding or
endocytosis/fusion of SARS-CoV-2.

(A) Binding assay monitored on Huh7-hACE2 treated with the viral inoculum (SARS-CoV-2
at MOI 2) and 20 uM cathepsin inhibitors, 20 uM HCQ (positive control) or 1% DMSO as a
negative control for 2 h at 4 °C. Cells were then washed with ice-cold PBS and extracted to
determine viral RNA by real time (RT)qPCR. The housekeeping gene GAPDH was used as a
reference. Viral genomes are expressed as percentage of relative expression (double-delta Ct
method) compared with the negative control (DMSO without transduction). Bars represent
mean = SD from two replicates of independent experiment. *P <0.033, **P <0.002,
***P < 0.001 (one-way ANOVA followed by Dunnett’s test).

(B) Entry assay monitored on Huh7-hACE2 treated with the viral inoculum (SARS-CoV-2 at
MOI 2) at 4 °C for 2 h. After 2 h, cells were washed with PBS and supplemented with fresh
medium containing 2% FBS and 20 uM cathepsin inhibitors, 20 uM HQC or 1% DMSO. Cells

were maintained at 37 °C for 3 h. Cells were then processed as described above (Figure 5A).
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3.5 Activity of CatB and CatL inhibitors against the SARS-CoV2 Omicron variant

Since the end of 2021, the SARS-CoV-2 Omicron variant B.1 and its sub-lineages are prevalent
worldwide (2022; WHO, 2021). Previous work has shown that the SARS-CoV-2 B.1 variant
enters cells via the endocytosis pathway, independent of the TMPRRS2 protease. In this
context, cathepsins play an important role in SARS-CoV-2 infection (Meng et al., 2022; Willett
et al.,, 2022; Zhao et al., 2022). Therefore, we evaluated the inhibitory effect of cathepsin
inhibitors against SARS-CoV-2 Omicron variant B.1. Effect of nitroxoline, compound 17,
compound 3, GCV-5, E-64 and its cell permeable derivative E-64d was evaluated using HCA
on Huh7-hACE2. After 72 h, infection was measured by assessing nucleocapsid structural
protein (N) expression (Figure 6A). Nitroxoline, compound 17, and compound 3 showed an
ECso values 4.1 £0.7 uM, 6.6 = 0.4 uM and 5.4 = 0.8 uM, respectively (Table 3). Interestingly
general cathepsin inhibitors, such as E-64 and E-64d also demonstrated a dose-response
antiviral activity against this viral variant with ECso values 4.3 + 1.2 uM and 1.1 + 0,44 uM,
respectively. However, the specific CatL inhibitor, GCV-5, was confirmed cytotoxic in these
cells. These data indicate that the cathepsin inhibitors are also effective against the Omicron

variant and suggest that the virus evolved to modify the use of cathepsins to promote cell entry.
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Table 3. Dose-response results from cathepsin inhibitors in Huh7-hACE2 infected with SARS-
CoV-2 Omicron

ECso?uM ECo0 UM CCsouM  Highest % of Virus
(mean+ SDP)  (mean SD) Inhibition
Nitroxoline 4.1+0.7 6.4+0.6 >100 100
Compound 17 6.6£0.4 147+ 9.8 >100 98
Compound 03 54+ 0.8 6.8 £0.4 >100 100
E64 4.3+1.16 14.9 £0.0 > 100 91
E64-d 1.1+0.44 n.a* > 100 83
GVC-5 n.a* n.a* n.a* n.a*
Hidroxychloroquine® 2.6+ 0.36 7.7+12 >100 99

*n.a not assessable

@Half maximal effective concentration from values obtained in HCA
b Standard deviation

¢ Maximal effective concentration from values obtained in HCA
dHalf maximal cytotoxic concentration from values obtained in HCA

¢ Reference compound, positive control
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Figure 6. Cathepsin inhibitors are effective against the SARS-CoV-2 Omicron variant.

(A) Representative images from High Content assay (HCA) showing infection of SARS-CoV-
2 Omicron in Huh7-hACE2 at 24 h. Cells were infected and treated with the inhibitors
simultaneously for 24 h. Then cells were fixed and processed for immunofluorescence with the
anti-nucleocapsid antibody (green fluorescence). Nuclei were stained with DAPI (red
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fluorescence). Plates from HCA were imaged, and image analysis was performed using the
High Content System microscope.

(B) Dose-response of cathepsin inhibitors against SARS-CoV-2 Omicron in Huh7-hACE2.
Hydroxychloroquine (HQC) was used as a reference compound. Plates from HCA were
acquired, and image analysis was performed using the High Content System microscope. The
percentage of inhibition (black dots) was calculated from image analysis after normalization
with the average infection ratio of cells treated with 1% DMSO. The percentage of nuclei (blue

triangles) was normalized by the total number of cells.
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3. Discussion

Drugs that target viral and host factors essential for virus entry, replication, and spread are in
need to overcome new pandemic threats (Chitsike and Duerksen-Hughes, 2021; Fang, 2022).
Cathepsins, have been identified as important host factors involved in the endosome-dependent
entry pathway of viruses, including SARS-CoV-2 (Evans and Liu, 2021; Hoffmann et al., 2020;
Pislar et al., 2020; Shang et al., 2020). Cathepsins are druggable enzymes and we identified the
antibiotic nitroxoline as a potent, selective and reversible inhibitor of CatB (Kos et al., 2014).
Pharmacokinetic and toxicity data are available for nitroxoline (Mrhar et al., 1979; Naber et al.,
2014; Wagenlehner et al., 2014; Wijma et al., 2018), which is administered orally for the
treatment of urinary infection. Nitroxoline and its derivative compound 17, with improved
potency and selectivity for CatB (Mitrovi¢ et al., 2017; Sosic et al., 2013), reduced SARS-CoV-
2 D614G infection by more than 90% in Huh7-hACE2 (Table I, Figure 1). Another nitroxoline
derivative, compound 3, which has a larger structural element that decreases its selectivity and
potency for inhibiting CatB activity and increases inhibitory activity against CatL (Mirkovi¢ et
al., 2011; Mitrovi¢ et al., 2016), also showed high antiviral activity with ECso values of less
than 10 uM (Table I, Figure 1). In contrast, treatment with inhibitors selective for CatL,
compounds CLIK-148 (Katunuma et al., 1999) and GCV-5 (Mitrovi¢ et al., 2022), had weaker
antiviral activity (CLIK-148) or failed (GCV-5) to reduce SARS-CoV-2 infection (Table I).
These results highlight the role of CatB in the endosomal-dependent pathway of SARS-CoV-2
infection in Huh7-hACEZ2 cells.

Targeted cathepsins are mainly involved in endosomal-dependent cell entry and less in further
steps of viral replication and propagation (Figure 4) (Jackson et al., 2022; Padmanabhan et al.,
2020; Pislar et al., 2020; Schornberg et al., 2006). This was also confirmed by the binding assay,
where none of the inhibitors affected viral adsorption, while all of them significantly inhibited
endocytosis step during viral entry (Figure 5). Only compound 17 retained some antiviral
activity also at later stages of infection indicating that other functions cannot be completely
excluded (Figure 4).

The role of either CatB or CatL in S protein processing during SARS-CoV-2 entry is being
actively investigated. Studies consistent with our findings confirmed the importance of CatB
during SARS-CoV-2 infection. The work of Hashimoto suggests that CatB plays an important
role in endocytosis-dependent infection reinforced by the antiviral activity of CatB inhibitor
CA-074Me (Hashimoto et al. 2021). Another study performed on lung tissue from cancer
patients infected with SARS-CoV-2 showed that CatB expression increased after virus infection

and is associated with a hyperinflammatory response and poor prognosis (Ding et al., 2022).Cat
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B inhibitors could therefore have a dual effect, impairing viral uptake and excessive
inflammation, as suggested for Cat L inhibitors (Mellott et al., 2021; Wu et al., 2020; Zhao et
al., 2021). In contrast, other studies show that CatL plays an essential role in SARS-CoV-2
endosome-dependent entry into Hek293T-hACE2 cells (Ou et al., 2020; Zhou et al., 2016; Zhou
et al., 2015). For example, treatment with a CatL inhibitor reduced entry of SARS-CoV-2 by
more than 76%, in these cells, while no effect on virus entry was observed after treatment with
a CatB inhibitor (Ou et al., 2020). CatL, rather than CatB, was reported to cleave SARS-CoV-
2 Spike, at pH 5.5 (Mellott et al., 2021). However, at this low pH the endopeptidase activity of
CatB is sub-optimal and CatB-mediated Spike cleavage has been previously reported
(Bollavaram et al., 2021; Jaimes et al., 2020). In addition, most of the reports showing little
effect for CatB were performed in HEK-293-hACE2 or Vero E6 cell lines (Ashhurst et al.,
2022; Mediouni et al., 2022; Ou et al., 2021; Ou et al., 2020). We therefore compared the
different cell models showing that the antiviral activity of the cathepsin inhibitors correlated
with the protein levels and activity of both cathepsins in each cell line used in the assay (Figure
3). For nitroxoline and its two derivatives, compound 17 and compound 3, the strongest
antiviral effect was observed in the Huh7-hACE2 cell line containing a high content of active
CatB (Figure 3). Addition of a potent irreversible CatB specific inhibitor CA-074 to
discriminate between CatB and CatL activity showed that CatB dominated over CatL in this
cell line (Figure 3). In the other two cell lines used, Calu-3 and Vero E6, nitroxoline and
compound 17 were found to be approximately 10-fold and 5-fold less potent, respectively,
compared with Huh7-hACE2 cells (Figure 2). The differences in inhibitor antiviral efficacy
could be explained by the differences in protein levels and activity of CatB and CatL. In Calu-
3 cells, protein levels and activity of CatB were higher than in Huh7-hACE2 cells. Because
ECso values are Kkinetic parameters, dependent on the experimental settings, including the
concentration of enzyme and substrate in the assay (Copeland, 2005), a higher concentration of
CatB inhibitor is required in Calu-3 to achieve the same inhibitory effect as in Huh7-hACE2
cells. Moreover, Calu-3 cells predominantly support the membrane fusion entry pathway due
to their high endogenous expression of TMPRSS2 (Hoffmann et al., 2020; Ou et al., 2021,
Saccon et al., 2021), which can additionally reduce the overall effect of CatB inhibitors. In
contrast, in Vero EG6 cells, the protein and activity levels of CatL are much higher than CatB
indicating that CatL plays the major role during SARS-CoV-2 Spike cleavage and consequently
cell entry and this could be a reason for the lower effect of CatB inhibitors in this host cell type
compared to others. Moreover, the addition of the CatB specific inhibitor CA-074 in this cell

line had no additional effect on CatL substrate degradation. Together, these data explain the
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lower effect of the CatB inhibitors nitroxoline and compound 17 on inhibition of SARS-CoV-
2 infection in Vero EG6 cells. These results may also explain the lack of effect of CatB inhibitors
reported in some other studies that used this cell model (Ashhurst et al., 2022; Mediouni et al.,
2022; Ou et al., 2021). The inhibition of SARS-CoV-2 infection by compound 3 did not
correlate so well with the protein levels and activity of both CatB and CatL compared to
nitroxoline and compound 17. In this regard it should be noted that compound 3 is an equal
inhibitor of both, CatB and CatL, but less potent compared to nitroxoline and compound 17. To
confirm our hypothesis about the correlation of cathepsin expression and compound efficacy in
inhibiting SARS-CoV-2 infection, we next tested the effect of the specific CatL inhibitor GCV-
5. In line with other studies, this compound is active in Vero E6 cells infected with SARS-CoV-
2 (Ashhurst et al., 2022; Mellott et al., 2021).

The Omicron variant of SARS-CoV-2 was sensitive to CatB inhibitors (Figure 6). Omicron
enters the cells mainly via the endosomal pathway, and is more sensitive to host cathepsins
compared to previous variants (Benlarbi et al., 2022; Du et al., 2022; Hu et al., 2022; Hui et al.,
2022; Meng et al., 2022; Willett et al., 2022). Indeed, E-64d was more effective also in our case
(Table 3). Mutations within the Omicron S protein that alter conformation and interactions with
the receptor, could affect utilization of different cathepsins for its entry thus modifying
sensitivity to cathepsin inhibitors (Du et al., 2022; Hu et al., 2022; Hui et al., 2022; Imai et al.,
2023; Willett et al., 2022). Selection of the proteolytic profile needed for virus entry into host
cells is another level of adaptation of SARS-CoV-2 virus to its frequent genetic changes.
Furthermore, differential cathepsin expression in tissues may dictate viral tropism and
pathological consequences, as well as opportunities for specific inhibitors to impact on the
consequences of infection on other tissues. For example, expression analysis shows that nasal
epithelial cells are enriched for ACE2 not matched by TMPRSS2 levels, which seem to be
compensated by CatL/CatB (Sungnak et al., 2020). In the human vasculature the expression
pattern of CatB/CatL varies with CatB being mainly expressed in the brain vasculature and
CatL predominantly in the peripheral vasculature, notably in the absence of TMPRSS2
expression in both cases (Ghobrial et al. BiorXiv doi.org/10.1101/2020.10.10.334664).
Intriguingly, CatB is also expressed in microglia thus providing an interesting CatB-dependent
pathway of entry that could account for long-term neuropathological consequences of COVID-
19.
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4. Conclusion
The results presented here highlight the important role of host cysteine CatB in SARS-CoV-2
virus entry and demonstrate that, in addition to CatL inhibitors, specific CatB inhibitors, such
as nitroxoline and its derivatives, significantly impair SARS-CoV-2 infection. As they solely
inhibit CatB endopeptidase activity, involved in virus entry and inflammation, they would less
likely affect physiological function of CatB based on exopeptidase activity. Furthermore, our
data suggest that the antiviral activity of the inhibitors correlates with the amount of targeted
cathepsin in host cells and depends on cell type and viral adaptions. Overall, the use of
cathepsin-specific inhibitors could serve as a reliable therapeutic strategy against SARS-CoV-
2 infection. Other polypharmacological effects of Cat inhibitors on SARS-CoV-2 induced
inflammation could be additional advantages of the approach that deserve to be explored in
more detail. To note, nitroxoline would act as repurposed drug in this context being clinically
used as an antibiotic. Further studies would be required to explore the clinical use of nitroxoline
in the context of SARS-CoV-2 infection, including dosage in vivo, route of administration and

side effects.
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